This paper presents the possibility of membrane use in the Power to Gas concept. Power to Gas is a concept of electrical energy conversion into the gaseous methane by well known Sabatier reaction. This reaction needs pure reagents such as carbon dioxide and hydrogen. The polymeric dense membranes could be used to obtain pure carbon dioxide from the stream of biogas or flue gas. The products of this reaction are methane and water. For methane dewatering one could also use polymeric membranes. The paper presents literature data as well as the Author's own research results.
. Global demand for primary energy in the so-called reference scenario, expressed in million tonnes of oil equivalent [1] . 1971  2003  2010  2020  2030  Coal  Crude oil  Natural gas  Nuclear energy  Water energy  Biomass and wastes   1439  2446  895  29  104  683   2582  3785  2244  687  227  1143   2860  4431  2660  779  278  1273   3301  5036  3338  778  323  1454   3724  5546  3942  767  368  1653 Other renewable sources  4  54  107  172  272  Total  5600  10723  12389  14402  16271 For years the European Union has been managing programmes aimed at increasing the efficiency of energy generation as well as increasing the share of non-conventional sources in energy production with minimizing the negative effects of exploitation of traditional sources. Among the conventional energy sources, natural gas appears to be the most environment friendly (see Table 2 ) [2] .
Energy source
One of the requirements imposed by the European Union on the Member States is to increase the share of unconventional energy in total energy production. Currently, in Poland the rate is approx. 9% and is anticipated to reach 15% by 2020. Unconventional energy sources include mostly biogas plants, wind power plants and photovoltaic plants. In particular, the last two sources are very much dependent on weather conditions and seasons. Consequently, there are periods of increased and lowered energy production, which are always difficult to predict. In countries such as Poland, where the share of such resources is small, irregularity of energy production does not significantly affect the national energy system. On the other hand, countries with a large share of wind power and solar energy systems (e.g. Germany and Austria, where the share of conventional energy is approx. 30%) have to face a problem of maintaining constant energy production throughout the energy system. Within the next years, this issue will have to be addressed by other countries which are increasing the share of renewable energy in overall production. One of the possible solutions to the problem of the fluctuating energy supplied to the system is its storage during overproduction periods and consumption in underproduction periods. Construction of pumped storage power plants is a method of energy storage which has been in use for many years. However, the current landscape adaptability does not permit to build enough such plants to meet the energy demand. Storage of electrical power in batteries is inefficient either. Among all the possible forms of energy storage the best and the most beneficial one is the form of gas -hydrogen or methane. It is these two gases that may store large quantities of energy and enable its long exploitation [3] .
An advantage of methane over hydrogen is that it is safer to store and that its storage tanks are better sealed. In addition, in contrast to hydrogen, methane can be pumped directly to a gas grid and become a source of energy on an instant basis.
Therefore, the reasonable question is how to store electrical energy in the form of gashydrogen or methane. The above issue is addressed in the title concept Power to Gas.
Power to Gas concept
The Power to Gas (P2G) concept is a technology that converts electrical power to energy stored in a gaseous fuel, such as hydrogen or methane. There are three methods in use to achieve this. The stage shared by all three methods is water electrolysis to hydrogen and oxygen. Electrical power is put to the process of electrolysis, and the resulting product is fuel in the form of hydrogen. In the first method to implement this concept, the resulting hydrogen is a ready-to-use product which can be stored. The second method of P2G implementation is to enrich biogas with hydrogen produced from electrolysis. The third method which will be the subject of further considerations, involves a chemical reaction of synthesis hydrogen with carbon dioxide. One of the products of this reaction is methane.
The chemical reaction commonly called methanization of carbon dioxide was described by Sabatier in 1902. The equation of the reaction is as follows:
where ΔH is enthalpy of the reaction and equals -165 kJ/mol.
The Sabatier reaction is a catalytic reaction at elevated temperature (approx. 400 o C) using catalysts such as Rh, V or Cu.
The process of carbon dioxide methanization in the Sabatier reaction with the use of hydrogen produced by an electrolyser is of a relatively low efficiency. The average efficiency of the process is 50%. From the point of view of thermodynamics it is a low value. However, facing the possible waste of the whole excess energy produced by solar and wind power plants, this value could be considered acceptable. The efficiency of energy conversion may be increased by partial heat recovery during the process.
The Power to Gas concept implemented as methanization of carbon dioxide is presented in Fig. 1 , which shows supply sources of carbon dioxide and engineering tasks required for implementing this concept.
Fig. 1. General concept of Power to Gas implemented by mechanization of carbon dioxide.
According to some scientific concepts, carbon dioxide is the cause of greenhouse effect. Legal requirements impose reduction of its emissions, so methods of its management are extremely valuable. Hence, for the Sabatier reaction, carbon dioxide may be derived from two sources: from biogas, where carbon dioxide is a major component which reduces the energy value of biogas, or from exhaust gases produced practically in all industries.
If carbon dioxide is to be derived from biogas, it is necessary to separate it from methane. If it is derived from exhaust gas, it must be separated from other components, in particular from nitrogen. At a later stage, dehydration of methane flux resulting from the Sabatier reaction is a method shared by both sources of carbon dioxide production.
Such gas and vapor mixtures may be separated with the use of various methods known to the process engineering. Among such methods there are: absorption, adsorption and cryogenic methods. Membrane techniques could also be successfully applied for separation of such mixtures. It is this method that the further part of the paper will focus on.
Membrane separation of gases and vapors
Polymer membranes are mostly used to separate volatile matter (gas and vapor). Pore-free dense membranes with the solution-diffusion model of mass transfer play a special role in this case. Each of the gas components, under the influence of different partial pressures on both sides of the membrane, is subject to solution in membrane material as well as to diffusion through the membrane and the subsequent desorption. The individual components of volatile mixtures (gases and vapors) have different sorption and diffusion coefficients depending on the polymer material. This diversification affects the ability of the membrane to separate mixture components.
The main parameters of membrane used to separate gas components are its permeability P of a selected component and selectivity α. The first of these parameters, which is a product of the sorption coefficient S and diffusion coefficient D of a selected component (equation 2) describes the membrane transfer capacity. The higher the coefficients the higher the flux of mass, which is beneficial in terms of the process.
= • (2)
The selectivity coefficient describes how efficient the membrane is in separating components of a mixture, and is defined as follows:
where x is a mole fraction of component A or B, respectively, for the permeate, and y is a mole fraction of component A or B, respectively, for the feed. This coefficient, for ideal conditions, can be also derived from:
From the perspective of the process, also this membrane parameter should achieve as high values as possible. However, for polymer membranes there is a correlation between permeability and the selectivity. An increase in one of these values causes a drop in the other. These limitations may be overcome by the use of the so-called Mixed Matrix Membranes, which in their structure have inorganic solid particles in addition to polymers. This study will not elaborate on that, though.
Membranes used to implement the Power to Gas concept
In the implementation of the Power to Gas concept the task that has to be performed is separation of gas and vapor mixtures (see Fig. 1 ). Mixtures to be separated are as the following: CH 4 and CO 2 , N 2 and CO 2 , as well as CH 4 and H 2 O (dehydration). Obviously, it should be noted that both mixture produced in a biogas plant and a mixture of exhaust gases coming from chimneys are not pure bicomponent mixtures. They also contain other compounds, but their separation from the main flux will not be discussed here. Also, it should be remembered that, in addition to the products of the Sabatier reaction -equation (1) -the gas flux leaving the reactor may contain a non-reacted carbon dioxide or hydrogen. Table 3 shows in the tabular form, the various polymer membranes which can potentially be used for separation of the aforementioned gas mixtures and dehydration of the methane stream. Attention is focused on the aforementioned main parameters of membranes, i.e. permeability (expressed in the unit of barrer) and selectivity of membranes.
The analysis of the data contained in Table 3 confirms the earlier remark about the correlation between the membrane permeability and the membrane selectivity. The remark mainly refers to gas mixtures rather than gas and vapor (e.g. water) mixtures. What is noticeable is that membranes with a high selectivity coefficient are relatively low permeable. Both of the parameters must be taken into account when designing the membrane process. A high selectivity membrane generates purer products. On the other hand, with a high permeability membrane it is possible to run the process in a more cost-effective way and achieve more products at the same energy cost. The membrane installation design must therefore compromise between product quality and cost-effectiveness of the process.
The data included in Table 3 referring to the characteristics of the various membranes have been achieved in laboratory conditions on samples of a small area. Unfortunately, the commercial selection of membranes for gas separation is not so extensive. This is due to the technical difficulty to manufacture large area membranes out of these materials. Such difficulties include for instance defects in a thin selective layer of the membrane. Such defects preclude the membrane from being used for the purpose of separating gas components. Table 3 . Membranes used to implement the Power to Gas concept.
Own research on membrane production
A team under the supervision of the Author has been involved in development research aimed at developing a technology that produces membranes for gas separation on an industrial scale. With regard to the Power to Gas concept, the Author's team has developed large-area membrane modules which have properties as indicated in Table 4 . 
Summary
Polymer membranes for gas separation are potentially largely applicable to the Power to Gas concept. The role of these membranes is to separate carbon dioxide from methane (biogas plants) or from nitrogen (exhaust gas) and dehydrate the methane flux. The challenge engineers and technologists are facing is to develop, on an industrial scale, membranes that meet the process requirements. The Author's research identifies the group of Pebax copolymers as the ones about which there are great expectations regarding the industrial uses.
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